
Morroniside Ameliorates Hyperuricemic
Nephropathy in Mice: Integrated Evidence from
Transcriptomic Reanalysis, Molecular Docking, and
Experimental Validation
Yao Chen 

College of First Clinical Medicine, Shandong University of Traditional Chinese Medicine, Jinan,
Shandong, China
guijie Ma 

Shiyan Hospital of Integrated Traditional Chinese and Western Medicine
Yinzhong Dai 

Department of Nephrology, Xiyuan Hospital, China Academy of Chinese Medical Sciences
Junwei Gao 

Department of Nephrology, Ningbo Municipal Hospital of Traditional Chinese Medicine
Yuhua Qiao 

Hebei Provincial Key Laboratory of Portal Hypertension and Cirrhosis, Xingtai People’s Hospital
Peng Liu 

Department of Nephrology, Xiyuan Hospital, China Academy of Chinese Medical Sciences

Article

Keywords: hyperuricemic nephropathy, morroniside, renal inflammation, NF-κB p65, NLRP3

Posted Date: October 22nd, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11063668/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Page 1/30

https://doi.org/10.21203/rs.3.rs-11063668/v1
https://doi.org/10.21203/rs.3.rs-11063668/v1
https://doi.org/10.21203/rs.3.rs-11063668/v1
https://creativecommons.org/licenses/by/4.0/


Abstract
Persistent hyperuricemia can promote renal injury through sustained inflammatory signaling. We
investigated whether morroniside (MOR) ameliorates hyperuricemic nephropathy (HN) and whether its
effects are associated with NF-κB p65/NLRP3 signaling. Molecular docking and reanalysis of the
independent kidney transcriptomic dataset GSE190205 were combined with studies in potassium
oxonate/adenine-induced HN mice and uric acid-challenged HK-2 cells. Transcriptomic reanalysis
showed enrichment of TNF-α/NF-κB, NOD-like receptor, inflammasome-related and pyroptosis-
associated programs in untreated HN kidneys. MOR reduced serum uric acid, serum creatinine and
urinary albumin-to-creatinine ratio, improved renal histopathology, and decreased inflammatory
mediators and levels of phosphorylated NF-κB p65, NLRP3, caspase-1, IL-1β and IL-18. Bay 11-7082
produced broadly concordant effects, and combined treatment further suppressed inflammatory
signaling in HK-2 cells.These findings indicate that MOR attenuates renal inflammation and injury in HN
in association with suppression of NF-κB p65/NLRP3-related signaling.

1. Introduction
Uric acid (UA) is derived from both dietary purines and endogenous purine synthesis, while circulating
UA levels reflect the balance between its production and elimination1. When this balance shifts toward
accumulation, particularly because renal clearance is impaired, serum uric acid (SUA) rises and
hyperuricemia (HUA) develops2,3. Over the nearly two decades preceding 2023, HUA prevalence rose by
approximately 6 percentage points among adult men and 5 percentage points among adult women4.
Because the kidneys are central to urate handling and metabolic homeostasis, persistent elevation of UA
can gradually compromise renal function and promote the development of hyperuricemic nephropathy
(HN), which has also become increasingly common5,6. HN may involve abnormal tubular urate handling,

reduced glomerular filtration, interstitial fibrosis, and, in some patients, nephrolithiasis7,8. Recent
advances in HN research have expanded our understanding of its underlying mechanisms, highlighting
several contributors to disease progression, including renal inflammation, tubular epithelial–
mesenchymal transition, and crystal deposition9–11. Among these, chronic inflammation is an important
pathogenic feature of HN and is prevalent in a variety of renal diseases12. Increasing evidence suggests
that HUA may accelerate kidney injury by maintaining a chronic inflammatory state. Elevated circulating
UA levels can induce inflammatory signaling and promote the production of diverse cytokines, including
interleukins (ILs) such as IL-1β and IL-6, as well as TNF-family cytokines such as TNF-α, thereby
aggravating renal inflammatory damage13–15. The nuclear factor-κB (NF-κB) pathway can be activated
by various stimuli through two major routes, thereby promoting immune cell infiltration and increasing
the expression of inflammatory mediators in the kidney16. In the canonical pathway, phosphorylation of
the IκB kinase (IKK) complex represents a key regulatory event. NF-κB p65 (also known as RelA), a major
component of the NF-κB family, is an important mediator of inflammation17,18. Normally, NF-κB activity is
restrained by IκBα-mediated cytoplasmic retention of the p65/p50 heterodimer, maintaining the
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transcription factor in a quiescent state19. Activation of IKK shifts NF-κB away from its resting state by
first phosphorylating IκBα. This modification marks IκBα for ubiquitination and subsequent proteasomal
degradation, allowing the heterodimer to be released20,21. This process subsequently enhances the

transcription of multiple pro-inflammatory genes22. In parallel, the NLRP3 inflammasome functions as
another critical inflammatory platform involved in renal injury. This multiprotein complex consists of
NLRP3, the adaptor protein ASC, and pro-caspase-123. This brings pro-caspase-1 molecules into close
proximity, facilitating their autocatalytic processing and activation. Activated caspase-1 then converts
pro-IL-1β and pro-IL-18 into their mature forms24. Moreover, previous studies have demonstrated that IL-
1βand NLRP3 inflammasome priming are linked to NF-κB signaling, which promotes transcription of
NLRP3 and pro-IL-1β and may thereby amplify downstream inflammatory responses25,26. Inflammatory
and cell-death pathways are also involved in UA-mediated injury. Evidence summarized in previous
reviews indicates that soluble UA can stimulate NF-κB and MAPK signaling and increase inflammatory
cytokine production27. In human renal tubular epithelial cells (HK-2), UA stimulation has been reported to
enhance NF-κB p65 activation28, which is one of the reasons we selected it as the target of observation.
Beyond inflammatory signaling, altered tubular urate handling may also contribute to HN. A recent study
showed that renal METTL14 overexpression enhanced m6A modification of Glut9 mRNA, accelerated its
degradation, reduced GLUT9 expression, and attenuated UA-induced fibrotic injury in renal tubular
epithelial cells29. Notably, the uricosuric agent benzbromarone has been shown to ameliorate this injury,
highlighting the therapeutic potential of the METTL14-GLUT9 axis as a novel target and mechanism. The
path forward, however, presents challenges. The balance of urate reabsorption and excretion is governed
by a network of transporters—URAT1 and GLUT9 for reabsorption; ABCG2 and OATs for excretion. While
lesinurad serves as an effective dual-action urate transporter inhibitor, its benefits do not extend to
patients with a glomerular filtration rate < 45 mL/min, which underscores the need for alternative
therapeutic strategies30. Given the limitations of existing medications—such as the cardiovascular risks
associated with febuxostat and hypersensitivity reactions to allopurinol, research into natural
compounds has shown significant momentum31. Therefore, it is imperative to find an effective treatment
for HN.

Morroniside (MOR) is a naturally occurring iridoid glycoside. Previous studies have reported protective
effects of MOR in cardiomyocytes 32 and renal cells 33, as well as anti-inflammatory and antioxidant
effects 34. In the MCAO-induced stroke model, MOR mediates neuroprotective effects by promoting M2
microglial polarization and enhancing IL-10 levels35. In non-alcoholic steatohepatitis, MOR ameliorates
liver injury through AMPKα-mediated lipophagy activation coupled with NLRP3 inflammasome
suppression36. Furthermore, in vivo studies reveal that MOR improves gastrointestinal dysfunction
through hypothalamic-pituitary-adrenal axis modulation37. In fact, our previous research found that MOR
exhibited potential therapeutic effects in the KKAy mouse model and in HK-2 cells38. MOR is a major
bioactive constituent of Cornus officinalis Sieb. et Zucc., a medicinal herb commonly used in traditional
formulations for renal disorders. Nevertheless, how MOR modulates renal inflammation and influences
the progression of HN remains incompletely understood. To examine this question, molecular docking
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was first used to estimate potential interactions between MOR and selected molecular targets39.
Experimental studies were then performed to assess the anti-inflammatory effects of MOR in HN and to
explore the signaling mechanisms involved. On the basis of the available evidence and our preliminary
observations, we hypothesized that MOR may alleviate HN by suppressing NF-κB p65/NLRP3 signaling.
The mechanistic diagram is shown in Fig. 1 (created using Figdraw2.0).

2. Materials and Methods

2.1. HN Mouse Model and Drug Administration
At acquisition, male C57BL/6J mice (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing,
China) were seven weeks old and weighed 20 ± 2 g. Each procedure was individually performed by a
different researcher randomly assigned from among YC, GM, and YD. The rationale for model selection is
detailed in Section 4. The modeling protocol and validation methods were performed as previously
described. Mice were maintained under standard laboratory conditions40. A priori power analysis using
preliminary data (α = 0.05, power = 80%) yielded a minimum requirement of eight mice per group to
detect the expected treatment effect on primary outcomes. To compensate for potential attrition, the
final sample size was set to ten per group. Only healthy, male C57BL/6J mice that successfully
completed the acclimation period were included. Mice in the HN-related groups were required to show
validated model induction, confirmed by elevated serum uric acid and creatinine. Animals were to be
excluded if they developed severe intercurrent illness, met pre-set humane endpoints, or experienced
critical procedural complications.

After a 1-week acclimation period, 40 mice were randomly allocated to four groups, with 10 animals in
each group: control, HN, HN + MOR, and HN + Bay 11-7082. To establish HN, potassium oxonate (2400
mg/kg; P9770, Solaibao, Beijing, China) together with adenine (160 mg/kg; A8330, Solaibao, Beijing,
China) was administered orally once daily for 3 consecutive weeks; control mice and HN mice received
an equivalent volume of distilled water41. Mice in the HN + MOR group were treated with MOR (50
mg/kg/day, Nature Standard Biotechnology, Shanghai, China) by gavage, while mice in the HN + Bay 11-
7082 group received Bay 11-7082 (20 mg/kg/day, B5556, Sigma-Aldrich, St. Louis, USA) via tail vein
injection. To control for the injection procedure, mice in the other groups received an equivalent volume
of the corresponding Bay 11-7082 vehicle by tail vein injection on the same schedule. After 3 weeks of
drug treatment, all mice underwent surgery for blood collection via cardiac puncture and kidney tissue
excision for subsequent experiments. Before the procedure, mice were anesthetized by intraperitoneal
injection of 1% pentobarbital at 40 mg/kg. Animal death was confirmed by the cessation of heartbeat
and respiration for more than 3 min after the procedure.

Humane endpoints were defined in advance in accordance with ARRIVE 2.042. Mice showing > 20% body-
weight loss, severe lethargy or unresponsiveness, inability to maintain basic self-care, or severe distress
unrelated to the intended model were to be euthanized with an overdose of pentobarbital sodium. No
animals met these criteria, and all animals completed the study.
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All animal experimental procedures were approved by the Ethics Committee of the China-Japan
Friendship Institute of Clinical Medical Sciences (approval No. zryhyy21-22-01-09). All experiments were
performed in accordance with relevant institutional guidelines and regulations and were reported in
accordance with the ARRIVE 2.0 guidelines.

2.2. HK-2 Cell Culture and Morroniside Treatment
HK-2 cells used in this experiment were obtained from Prof. F.Y. Lan of the Chinese University of Hong
Kong through a research donation. The rationale for model selection is detailed in Section 4. Cell culture
conditions were consistent with those described in our previous study5. HK-2 cells were exposed to UA
(1.2 mM, U2625, Sigma-Aldrich, St. Louis, USA), followed by treatment with MOR (1 µM, 2 µM, and 4 µM)
or Bay 11-7082 (10 µM) for 24 h. Based on existing studies, preliminary concentration ranges for UA and
MORwere selected5,33. The optimal concentrations for experimentation were subsequently determined
using the CCK-8 assay (Mei5 Biotechnology, Beijing, China).

2.3. Molecular Docking
The NF-κB p65 protein entry was identified in UniProt (https://www.uniprot.org/) using 'Transcription
factor p65' as the keyword and 'Homo sapiens' as the species. Human NF-κB p65 (RELA; UniProt
accession Q04206; PDB ID: 6NV2; resolution: 1.13 Å) was identified as the target protein. Structural
coordinates for the target protein were retrieved from the RCSB Protein Data Bank (PDB;
https://www.rcsb.org/) and prepared for molecular docking. The three-dimensional structure of
morroniside (MOR; PubChem CID 11228693) was obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/). Docking was then carried out using CB-Dock2
(https://cadd.labshare.cn/cb-dock2/). The binding affinity was estimated based on the Vina score, with
more negative Vina scores indicating stronger predicted binding affinity43. Additionally, we conducted
molecular docking analyses for Bay 11-7082 (PubChem CID: 5353431) with NF-κB p65, MOR with NLRP3
(Q96P20, 8ZEM), and MOR with each of the following targets: caspase-1 (P29466, 1RWK), IL-1β
(P14778, 1ITB), and IL-18 (Q14116, 1J0S).

2.4. Public Transcriptomic Dataset Acquisition and
Bioinformatics Analysis
The publicly available mouse kidney RNA-sequencing dataset GSE190205 was obtained from the NCBI
Gene Expression Omnibus. Only untreated control (C2, C4, and C5) and untreated HN (M4, M8, and M12)
samples were included (n = 3 per group). Following aggregation of duplicated entries by gene symbol,
genes with FPKM > 1 in at least three of the six samples were retained, resulting in 13,582 genes from
55,253 unique gene symbols. FPKM values were subsequently transformed as log2(FPKM + 1). Principal
component analysis and Pearson correlation analysis were used to assess global transcriptional
patterns and sample consistency.

The limma package was applied to identify differentially expressed genes, followed by Benjamini–
Hochberg adjustment for multiple comparisons (FDR < 0.05 and |log2 fold change| ≥ 1). Preranked GSEA
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was performed using limma-moderated t statistics. Sample-level scores were calculated by ssGSEA for
predefined NF-κB (Chuk, Tlr4, Traf6, Tnf, Ikbkb, Nfkbia, Ripk1, Il6, Cxcl1, Ccl2, Nfkb1, Nfkb2, Relb, Rela,
and Myd88) and NLRP3 inflammasome/pyroptosis (Nlrc4, Nlrp3, Pycard, Il1b, Gsdmd, Aim2, Casp1,
Txnip, P2rx7, and Il18) modules; only genes detectable in the original matrix were included. Spearman
correlation analysis assessed associations with Havcr1, Lcn2, Col1a1, Fn1, and Acta2. Heatmaps used
row-wise Z-score-standardized expression values. Transcriptomic datasets were processed and
analyzed in R (version 4.6.1). P values generated from correlation tests were adjusted for multiple
testing according to the Benjamini–Hochberg procedure.

2.5. Biochemical Assays
Blood and urine were collected at predefined time points following treatment. SUA and serum creatinine
(Scr) were measured, while the urinary albumin-to-creatinine ratio (UACR) was calculated from the
corresponding urinary measurements(Mei5 Biotechnology Co., Beijing, China).

2.6. Histopathology and Immunohistochemistry
Renal specimens were processed into 3-µm paraffin sections after fixation in 10% neutral buffered
formalin. Renal morphology was examined using Masson's trichrome, hematoxylin and eosin (H&E), and
periodic acid–Schiff (PAS) staining. For immunohistochemistry, sections underwent routine antigen
retrieval and blocking before exposure to antibodies against IL-1β (1:20, sc-52012), IL-6 (1:20, sc-
130326), and TNF-α (1:50, sc-52746), all from Santa Cruz Biotechnology (CA, USA) at room temperature
for 2 h. Immunoreactivity was developed with 3,3′-diaminobenzidine (DAB), followed by hematoxylin
counterstaining and microscopic evaluation.

2.7. Immunofluorescence Staining
Renal immunofluorescence was performed using antibodies against p-NF-κB p65 (1:100, sc-136548,
Santa Cruz, CA, USA), NLRP3 (1:100, ab260017, Abcam, Cambridge, MA, USA), and caspase-1 (1:100,
ab138483, Abcam, Cambridge, MA, USA). After primary-antibody incubation, an Alexa Fluor 594-labeled
secondary antibody (1:1000) was applied, and nuclei were stained with DAPI for 5 min in the dark.
Sections were mounted in 80% glycerol and examined by inverted fluorescence microscopy.

Cell-bearing coverslips were immersed in 4% paraformaldehyde for 10 min at 4°C and then rinsed with
PBS. After incubation with the indicated primary antibodies, Alexa Fluor 594-labeled secondary antibody
was applied. Nuclei were labeled with DAPI for 5 min under light-protected conditions. The coverslips
were finally mounted in 80% glycerol and viewed under an inverted fluorescence microscope.

2.8. Western Blotting
Protein lysates from kidney tissue and cultured cells were prepared with radioimmunoprecipitation assay
buffer (Servicebio, Wuhan, China), and western blotting was conducted according to our previously
reported protocol33. Antibodies against IL-1β (sc-52012), NF-κB p65 (sc-8008), p-NF-κB p65 (sc-135769),
and β-actin (sc-58673) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
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Antibodies against NLRP3 (ab260017) and caspase-1 (ab138483) were obtained from Abcam
(Cambridge, MA, USA). All primary antibodies were diluted at 1:1000. Protein signals were detected
using an iBright CL1000 imaging system (Thermo Fisher Scientific, Waltham, MA, USA), and the relative
band intensities were quantified with ImageJ software.

2.9. ELISA-Based Measurement of Inflammatory Cytokines
IL-1β and IL-18 levels were quantified using commercial ELISA kits (Mei5 Biotechnology Co., Beijing,
China) according to the manufacturer's instructions.

2.10. RNA Extraction and Quantitative PCR (qPCR)
Analysis
Total RNA was isolated from cultured cells and kidney tissues and subsequently converted into cDNA
using the RevertAid First Strand cDNA Synthesis Kit (Mei5 Biotechnology Co., Beijing, China). qPCR was
conducted with the UltraSYBR Green qPCR Kit on a 7500 Fast Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA)44. β-Actin served as the internal reference for normalization, and primer
sequences are listed in Table 1.

Table 1
Primer sequences used for qPCR analysis

Species Gene Forward primer (5′–3′) Reverse primer (5′–3′)

Mouse NLRP3 F: ATTACCCGCCCGAGAAAGG R: TCGCAGCAAAGATCCACACAG

Mouse caspase-
1

F: CTTGGAGACATCCTGTCAGGG R: AGTCACAAGACCAGGCATATTCT

Mouse IL-1β F:
CTTCAGGCAGGCAGTATCACTCAT

R:
TCTAATGGGAACGTCACACACCAG

Mouse β-actin F: ACCCTAAGGCCAACCGTGAAAAG R: CATGAGGTAGTCTGTCAGGT

Human NLRP3 F: CGTGAGTCCCATTAAGATGGAGT R: CCCGACAGTGGATATAGAACAGA

Human caspase-
1

F: AGGACAAACCGAAGGTGA R: TGGAAGAGCAGAAAGCGA

Human IL-1β F: ATGATGGCTTATTACAGTGGCAA R: GTCGGAGATTCGTAGCTGGA

Human β-actin F: AGGCATCCTCACCCTGAAGTA R: CACACGCAGCTCATTGTAGA

2.11. Data Analysis and Statistical Validation
Statistical analyses were performed using GraphPad Prism 8.0. Data are presented as mean ± SD. For
experiments involving more than two groups, one-way ANOVA was used, followed by Dunnett’s multiple-
comparisons test for prespecified comparisons against the relevant reference group(s) indicated in each
figure legend. P < 0.05 was considered statistically significant.
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3. Results

3.1. Molecular Docking
CB-Dock2 ranked the top five predicted binding poses, and the top-ranked MOR–NF-κB p65 pose yielded
a Vina score of − 7.0 kcal/mol (Fig. 2). The 3D complex and amino acid interactions between MOR and
NF-κB p65 are shown in Fig. 2. The molecular docking results demonstrated binding energies of -8.2
kcal/mol for NLRP3, -6.4 kcal/mol for caspase-1, -6.4 kcal/mol for IL-1β, and − 9.3 kcal/mol for IL-18.
Additionally, we performed complementary docking between Bay 11-7082 and NF-κB p65, which yielded
a binding energy of -6.3 kcal/mol. These results suggest that MOR has a potential binding capacity with
NF-κB p65. Using the same molecular docking approach, MOR showed favorable predicted interactions
with several inflammation-related proteins, as detailed in Fig. 2.

3.2. Independent Transcriptomic Reanalysis Supports NF-
κB/NLRP3-Associated Inflammatory Dysregulation in HN
To explore molecular alterations associated with HN, we performed a secondary analysis of kidney
transcriptomic profiles from untreated control and HN mice in the GSE190205 dataset. Principal
component and correlation analyses demonstrated clear transcriptional separation between the two
groups with good within-group consistency (Fig. 3A, B). Differential expression analysis identified 2,118
upregulated and 497 downregulated genes in HN kidneys, with changes involving kidney injury, fibrosis,
inflammation, and pyroptosis-related genes (Fig. 3C, D). GSEA further demonstrated enrichment of
TNFα/NF-κB signaling, inflammatory response, NOD-like receptor signaling, and pyroptosis-associated
pathways in HN kidneys (Fig. 3E-I).

Consistently, NF-κB and NLRP3 inflammasome/pyroptosis module scores were increased in HN kidneys,
accompanied by coordinated alterations in pathway-associated genes (Fig. 3J-M). These module scores
were positively associated with kidney injury and fibrosis-related markers, although only the association
between the NF-κB score and Lcn2 remained significant after multiple-testing correction (Fig. 3N, O).
The integrated expression pattern further supported coordinated inflammatory and kidney injury-related
transcriptional changes in HN kidneys (Fig. 3P). Collectively, these findings provide independent
transcriptomic support for the disease relevance of NF-κB/NLRP3-associated inflammatory
dysregulation in HN.

3.3. MOR Improves Renal Biochemical Indices and
Histopathological Injury in HN Mice
We measured Scr, UACR, and SUA levels in mice to evaluate kidney function after treatment with the
monomer compound MOR, using Bay 11-7082 as a positive control. Figure 4A–C show that HN mice
exhibited significantly higher levels of Scr, SUA, and UACR than control mice. Bay 11-7082 treatment
effectively alleviated these abnormalities. Similarly, MOR treatment reduced these levels. To further
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verify the nephroprotective effects of MOR, we examined the renal pathology. As shown in Fig. 4D, HN
mice displayed prominent renal pathological alterations, characterized by tubular injury, increased
collagen deposition, and extracellular matrix accumulation. These abnormalities were markedly
attenuated following treatment with MOR or Bay 11-7082. These findings support the nephroprotective
effects of MOR in HN mice.

3.4. MOR Reduces Renal Inflammation by Regulating
Inflammatory Mediators
Representative immunohistochemical staining showed stronger renal immunoreactivity for TNF-α, IL-6,
and IL-1β in HN mice than in controls, whereas staining appeared less intense after MOR or Bay 11-7082
treatment (Fig. 5A). Consistent with these qualitative observations, ELISA showed lower renal IL-1β and
IL-18 levels following MOR administration (Fig. 5B). The elevated IL-1β mRNA expression caused by HN
was markedly reduced following MOR treatment, and a similar trend was observed after Bay 11-7082
administration. In addition, MOR and Bay 11-7082 treatments both decreased the HN-associated
increases in NLRP3 and caspase-1 mRNA levels (Fig. 5C).

3.5. MOR Attenuates Renal Inflammation in HN Mice
Through Modulation of the NF-κB p65 Signaling Pathway
Representative immunofluorescence images showed stronger renal signals for p-NF-κB p65, NLRP3, and
caspase-1 in HN mice than in controls, whereas these signals appeared weaker after MOR or Bay 11-
7082 treatment (Fig. 6A). Western blotting showed concordant changes at the protein level, including a
lower p-NF-κB p65/NF-κB p65 ratio and reduced NLRP3, caspase-1, and IL-1β levels after the
interventions (Fig. 6B).

3.6. MOR Attenuates Uric Acid-Induced Inflammatory
Responses in HK-2 Cells
Similar changes were observed at the cellular level after UA stimulation, with increased expression of
these three proteins detected by immunofluorescence staining. MOR treatment significantly reduced
their expression (Fig. 7A). Preliminary dose-response experiments were performed to establish the uric
acid concentration for subsequent cell studies. p-NF-κB p65 reached its highest level at 1.2 mM UA5.
Based on previous cell viability experiments, MOR was tested at 1 µM, 2 µM, and 4 µM45. To determine
whether these concentrations affected basal inflammatory status, HK-2 cells were exposed to MOR
alone or in combination with UA, and IL-1β protein expression was assessed (Fig. 7B). MOR alone at 1, 2,
and 4 µM did not significantly alter IL-1β expression relative to untreated controls. In contrast, UA
stimulation markedly increased IL-1β expression, whereas concomitant MOR attenuated this increase,
with the lowest IL-1β level observed at 4 µM. A similar pattern was observed by ELISA (Fig. 7C). UA

Page 9/30



exposure increased IL-1β and IL-18 levels, while MOR treatment reduced both inflammatory mediators,
with the lowest measured levels generally observed at 4 µM.

3.7. MOR Attenuates NF-κB p65/NLRP3-Related
Inflammatory Responses in UA-Challenged HK-2 Cells
Western blot analysis showed that UA stimulation increased the p-NF-κB p65/NF-κB p65 ratio in HK-2
cells, whereas MOR treatment reduced this ratio. UA exposure also increased NLRP3 and caspase-1
protein levels, both of which were reduced after MOR treatment (Fig. 8A). At the transcriptional level,
MOR treatment reduced UA-induced increases in NLRP3, caspase-1, and IL-1β mRNA expression
(Fig. 8B).

3.8. Combined Treatment Suppresses NF-κB p65/NLRP3-
Related Inflammatory Responses in UA-Challenged HK-2
Cells
To verify the involvement of NF-κB p65 signaling, UA-stimulated HK-2 cells were treated with MOR, Bay
11-7082, or their combination. ELISA showed that UA exposure markedly increased IL-1β and IL-18 levels
(Fig. 9A). Immunofluorescence staining demonstrated that either MOR or Bay 11-7082 reduced the UA-
induced increases in NLRP3, caspase-1, and p-NF-κB p65, while the combined treatment produced the
greatest reduction (Fig. 9B). Consistent with these findings, western blot analysis demonstrated lower
levels of these proteins, accompanied by a reduced p-NF-κB p65/NF-κB p65 ratio following combined
treatment (Fig. 9C). Similar changes were observed at the transcriptional level (Fig. 9D). Collectively,
these findings indicate that combined treatment further attenuates NF-κB p65/NLRP3-associated
inflammatory signaling in UA-challenged HK-2 cells. Collectively, the concordant effects of MOR and Bay
11-7082 are consistent with involvement of NF-κB-associated signaling, but these data do not establish
direct pathway dependence.

4. Discussion
Accumulating evidence has demonstrated an independent association between HUA and the risk of CKD
8,46. HN, a prevalent clinical complication of HUA, is primarily driven by excessive UA-induced renal

inflammation47. In addition, HUA is associated with elevated glomerular pressure48, afferent
arteriolopathy49, and accelerated renal fibrosis50. Therefore, developing novel therapeutic strategies to
effectively halt the progression of HN has become an urgent priority.

The pleiotropic actions of traditional Chinese medicine have attracted increasing attention51,52. MOR,
one of its major bioactive constituents, has emerged as a compound of particular interest because of its
anti-inflammatory activity. Previous studies have linked MOR to suppression of several inflammation-
related pathways. In experimental colitis, MOR attenuated inflammatory injury through inhibition of
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STAT3/NF-κB signaling53. Previous studies have shown that MOR ameliorates diabetic kidney injury by
suppressing the AGE–RAGE axis, including receptor for AGEs, p38 MAPK, and NF-κB signaling, thereby
mitigating oxidative stress and renal damage54. Emerging evidence indicates that MOR suppresses iNOS

and COX-2 expression, ameliorating oxidative stress and inflammation in diabetic murine kidneys55. The
anti-inflammatory actions of MOR are not confined to the kidney56. Previous studies have shown that
MOR alleviates neuroinflammation and microglial pyroptosis in experimental ischemic injury models.
MOR treatment was associated with decreased IL-1β expression and reduced IL-18 levels. In addition,
MOR was reported to reduce NLRP3 expression and inhibit caspase-1 activation57. Together, these
findings suggest that MOR exerts broad anti-inflammatory effects across multiple tissues, with NF-κB-
related signaling emerging as a recurrent molecular target. Although MOR has demonstrated anti-
inflammatory effects in various disease models, whether it protects against HN-associated renal
inflammation remains unclear. Here, we employed an HN mouse model and UA-stimulated HK-2 cells to
investigate the renal protective effects of MOR. We found that MOR treatment significantly alleviated
inflammatory injury in HN mice.

Inflammatory responses in the kidney play a critical role in HN initiation and progression58. Under
hyperuricemic conditions, elevated UA levels further intensify renal inflammation by inducing the
expression and secretion of multiple pro-inflammatory factors59,60. We selected male C57BL/6J mice for
this study as this inbred strain is the most widely used model for drug-induced HUA. Its well-defined
genetic background and susceptibility to renal pathological phenotypes resembling human disease,
particularly crystal nephropathy, make it highly suitable for establishing HN through sequential
administration of adenine and potassium oxonate (an inhibitor of uric acid degradation used for
hyperuricemia induction)61,62. Approximately 95% of glomerular-filtered uric acid is reabsorbed in the
proximal tubule. The HK-2 cell line, derived from proximal tubular epithelium, provides a physiologically
relevant in vitro model for HN studies. Our previous research has consistently demonstrated the
reliability of UA-stimulated HK-2 cells in modeling renal pathology, supporting their deliberate selection
for this investigation33,63. In this study, we initially examined whether MOR could alleviate kidney
inflammation and pathological changes in HN mice, improve kidney function, and lower SUA levels. Bay
11-7082, a known NF-κB inhibitor that blocks IKK-β phosphorylation, was employed as a positive control
due to its well-documented anti-inflammatory effects64,65. Previous research66 has demonstrated that
Bay 11-7082 ameliorates inflammatory responses in diabetic nephropathy rat models by suppressing
nearly all proteins examined in our current study, although that investigation did not specifically assess
NLRP3 or delineate upstream-downstream relationships. Our work therefore extends these findings by
providing mechanistic insights into this pathway. Our results showed that both MOR and Bay 11-7082
significantly reduced SUA and serum creatinine levels in HN mice (Fig. 4). Histopathological assessment
revealed prominent inflammatory infiltration, tubular damage, collagen accumulation, and
glomerulosclerotic changes in mice exposed to potassium oxonate and adenine. These pathological
alterations were markedly attenuated by MOR or Bay 11-7082. Similar renal inflammatory changes have
also been documented in the HN model described by Chen et al.67, supporting a close association
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between persistent inflammation and HN progression. Further molecular analyses showed that MOR
reduced multiple inflammatory mediators (Fig. 5A–B), indicating a substantial attenuation of the renal
inflammatory response. Thus, we hypothesize that MOR may slow HN progression by reducing renal
inflammation. Molecular docking has proven to be a valuable tool for predicting the biological activity of
compounds by assessing their interactions with potential targets. Our docking results suggest that MOR
exhibits strong binding affinity for NF-κB p6568. To further investigate how MOR regulates renal
inflammation, we focused on the NF-κB p65/NLRP3 axis using both HN mice and UA-challenged HK-2
cells. Previous studies have indicated that elevated uric acid levels activate NF-κB p65 signaling in renal
tubular epithelial cells69. Meanwhile, NLRP3 serves as a key regulator of renal inflammatory responses70.
Upon activation, the NLRP3 inflammasome recruits ASC and facilitates caspase-1 maturation, thereby
promoting the generation of active IL-1β and IL-1871,72. In addition, NF-κB p65-mediated transcriptional
regulation enhances the expression of NLRP3 and pro-IL-1β, while also increasing the production of
inflammatory cytokines such as TNF-α73. Based on this rationale, we further examined whether MOR-
mediated inhibition of renal inflammation was associated with modulation of this pathway. In HN mice,
adenine/potassium oxonate administration increased renal p-NF-κB p65, NLRP3, and caspase-1 levels.
We observed the same phenomenon in UA-stimulated HK-2 cells. Both MOR and Bay 11-7082 reversed
these changes, and in cells, we found that a higher concentration of MOR (4 µM) was most effective in
mitigating these effects. These observations indicate that the anti-inflammatory activity of MOR may
involve regulation of NF-κB p65 phosphorylation and NLRP3 activation. To furtherinvestigate this, we
employed a combination of MOR and Bay 11-7082 to treat UA-stimulated HK-2 cells and evaluated
whether the combined treatment offered superior efficacy compared to Bay 11-7082 alone. MOR further
enhanced the inhibitory response induced by Bay 11-7082, accompanied by a more pronounced
decrease in the p-NF-κB p65/NF-κB p65 ratio and reduced levels of NLRP3, caspase-1, and IL-1β.
Collectively, these results indicate that MOR may exert anti-inflammatory effects through regulation of
NF-κB-associated signaling. We acknowledge certain limitations in our current investigation. Our study
primarily focused on the NF-κB/NLRP3 pathway, while other potentially important inflammatory
pathways remain unexplored. We acknowledge several limitations. Although the concordant effects of
MOR and Bay 11-7082 are consistent with involvement of NF-κB/NLRP3-associated signaling, we did not
perform pathway-rescue experiments, genetic manipulation, or direct target-engagement studies;
therefore, causal pathway dependence cannot be established. Further investigations are warranted to
determine whether MOR regulates inflammatory cytokine production by affecting MAPK signaling (p38,
JNK, ERK) or JAK-STAT pathways. These promising directions will be prioritized in our subsequent
research. Independent reanalysis of the GSE190205 dataset provided orthogonal support for the disease
relevance of the inflammatory network examined in our experimental models. Untreated HN kidneys
showed coordinated enrichment of NF-κB-, inflammasome-, and pyroptosis-associated transcriptional
programs (Fig. 3). However, given the small sample size and bulk RNA-sequencing design, these findings
represent transcriptional associations and do not demonstrate pathway activation or direct regulation by
MOR.
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5. Conclusions
In conclusion, inflammation is a key driver of HN progression. Our findings indicate that MOR effectively
lowers SUA levels and mitigates renal inflammation, while modulation of the NF-κB p65/NLRP3 signaling
pathway may contribute to these protective effects.
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Figures

Figure 1
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The diagram summarizes selected mechanisms involving NF-κB signaling in different organs and
illustrates the proposed pathway through which MOR attenuates renal inflammation in the present study.

Figure 2

Molecular docking of MOR with inflammation-related targets. Predicted binding modes of MOR with (A)
NF-κB p65, (B) NLRP3, (C) caspase-1, (D) IL-1β, and (E) IL-18. (F) Predicted interaction between Bay 11-
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7082 and NF-κB p65.

Figure 3

Transcriptomic reanalysis supports NF-κB/NLRP3-associated inflammatory dysregulation in HN kidneys.
(A, B) Principal component analysis and Pearson correlation analysis of renal transcriptomes from
control and HN mice. (C, D) Differential expression profiles visualized by volcano plot and heatmap
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based on the comparison of HN and control samples (FDR < 0.05 and |log2 fold change| ≥ 1). (E–I)
Preranked GSEA illustrating representative inflammation- and cell death-related pathways enriched in HN
kidneys. (J–L) ssGSEA scores and expression heatmaps for NF-κB- and NLRP3
inflammasome/pyroptosis-related gene modules. (M) Expression profiles of representative genes
associated with NF-κB/NLRP3 signaling. Nlrp3 is displayed descriptively because it did not satisfy the
predefined low-expression filtering criterion. (N, O) Relationships between inflammatory module scores
and genes associated with renal injury or fibrosis. (P) Integrated heatmap of genes related to NF-κB
signaling, inflammasome/pyroptosis, and renal injury/fibrosis. Control, untreated control mice; HN,
untreated mice with hyperuricemic nephropathy; n = 3 per group.
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Figure 4

MOR improves renal biochemical indices and histopathological injury in HN mice. (A–C) Scr, SUA, and
UACR, respectively, in the indicated groups following 3 weeks of MOR or Bay 11-7082 treatment. Values
are shown as mean ± SD (n = 10). Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s test. Statistical comparisons were made with the HN group, with significance defined as *P <
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0.05, **P < 0.01, and ***P < 0.001. (D) Representative renal images stained with H&E, Masson’s
trichrome, and PAS from each group (magnification, ×200; scale bar = 50 µm).

Figure 5

MOR attenuates inflammatory changes in HN mice. (A) Immunohistochemical staining images showing
renal expression of TNF-α, IL-6, and IL-1β after 3 weeks of MOR or Bay 11-7082 administration
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(magnification, ×200; scale bar = 50 μm). (B) Quantification of renal IL-1β and IL-18 levels by ELISA. (C)
Analysis of NLRP3 mRNA expression levels, as well as caspase-1 and IL-1β mRNA expression levels, in
the Control, HN, HN + MOR, and HN + Bay groups. Values are shown as mean ± SD (n = 10). Statistical
analysis was performed using one-way ANOVA followed by Dunnett’s test. Statistical comparisons were
made with the HN group, with significance defined as *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 6
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Effect of MOR treatment on NF-κB p65/NLRP3-related inflammatory alterations in HN kidneys. (A)
Immunofluorescence staining revealed the distribution of caspase-1, NLRP3, and p-NF-κB p65 in renal
sections after 3 weeks of MOR or Bay 11-7082 administration (magnification, ×400/×200; scale bars,
25/50 μm). (B) To assess NF-κB pathway activation, the ratio of phosphorylated to total NF-κB p65 was
measured in the Control, HN, HN + MOR, and HN + Bay groups by western blotting. Additionally, the
protein levels of NLRP3, as well as those of caspase-1 and IL-1β, were detected using the same assay.
Values are shown as mean ± SD (n = 10). Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s test. Statistical comparisons were made with the HN group, with significance
defined as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 7

MOR reduces UA-induced inflammatory cytokine expression in HK-2 cells (n = 3). (A) Representative
immunofluorescence images of NLRP3, caspase-1, and p-NF-κB p65 in control, UA, UA + MOR (1, 2, 4
μM) groups. (magnification, ×200; scale bar = 50 µm). (B) IL-1β protein expression in the indicated
experimental groups. NS represents no significant difference compared with the control group; ***P <
0.001 vs. the UA group. (C) ELISA analysis of IL-1β and IL-18 levels in the indicated experimental groups.
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Values are shown as mean ± SD. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s test. Statistical comparisons were made with the UA group, with significance defined as *P <
0.05, **P < 0.01, and ***P < 0.001.

Figure 8
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MOR suppresses UA-induced NF-κB p65/NLRP3 inflammatory signaling in HK-2 cells. (A) The ratio of
phosphorylated to total NF-κB p65 was measured in the Control, UA, UA + MOR, and UA + Bay groups by
western blotting(n = 3). Additionally, the protein levels of NLRP3, as well as those of caspase-1 and IL-1β,
were detected using the same assay. (B) Relative mRNA expression of NLRP3, caspase-1, and IL-1β.
Values are shown as mean ± SD. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s test. Statistical comparisons were made with the UA group, with significance defined as *P <
0.05, **P < 0.01, and ***P < 0.001.
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Figure 9

Effects of MOR, Bay 11-7082, and their combination on the UA-induced inflammatory response in HK-2
cells.(A) ELISA analysis of IL-1β and IL-18 levels in the indicated experimental groups. (B) Representative
immunofluorescence images of NLRP3, caspase-1, and p-NF-κB p65 in the Control, Control + MOR + Bay,
UA, UA + MOR, UA + Bay, and UA + MOR + Bay groups. Magnification, ×200; scale bar = 50 μm. (C) The
ratio of phosphorylated to total NF-κB p65 was measured in the Control, UA, UA + MOR, UA + Bay, and
UA+MOR+Bay groups (n = 3) by western blotting. Additionally, the protein levels of NLRP3, as well as
those of caspase-1 and IL-1β, were detected using the same assay. (D) Relative mRNA expression of
NLRP3, caspase-1, and IL-1β. Values are shown as mean ± SD. Control + MOR + Bay group vs. control
group, NS. &P < 0.05, &&P < 0.01 and &&&P < 0.001 vs. the control group. *P < 0.05, **P < 0.01 and ***P <
0.001 vs. the UA group. UA + MOR + Bay vs. Control + MOR + Bay, #P < 0.05, ##P < 0.01 and ###P <
0.001. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s test.
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